Abstract-This paper investigates a mainstream metal 3-D printing technique (i.e., direct metal laser sintering of stainless steel {SS} 316L) and two relatively new metal additive manufacturing methods (i.e., lost-wax casting of sterling silver using digital light projection/stereolithography-printed wax masters, and binder inkjet printing of SS 316L) for the fabrication, using tens-of-microns-sized voxels, of freeform, finely featured, mesoscaled metal structures part of compact systems. Characterization of the 3-D printing methods included assessment of dimensional accuracy and in-plane minimum feature size, measurement of vacuum outgassing, quantification of porosity, and estimation of thermal and electrical properties. The data demonstrate that binder inkjet printing of SS 316L has associated the smallest in-plane offset, out-of-plane offset, and eccentricity of nominally symmetric features while showing ultra-high-vacuum compatibility, low porosity, and intrinsic electrical and thermal properties close to those of bulk metal. Characterization of binder inkjet-printed SS 316L MEMS cantilevers shows repeatable micron-level linear actuation and a near-isotropic Young's modulus of the printed material close to the bulk value. Also, characterization in air at atmospheric pressure and room temperature of binder inkjet-printed SS 316L MEMS corona discharge ionizers with 32 high-aspect-ratio tips (25 tips/cm 2 , 5 mm tip height, 141.7 µm ± 3.2 µm tip radii) resulted in 8.7-kV start-up voltage and up to 422 µA total emission current; no evidence of tip degradation was found via optical inspection and device weighting after continuous IV characterization and a 12-h test (300 µA, 13.5 kV). In addition, high-resolution microscopy of binder inkjet-printed SS 316L electrodes part of a novel, compact, multi-electrode harmonized Kingdon ion trap estimates at ∼15 µm the maximum height difference between the printed part and the digital model-making possible the implementation of portable, high-resolution mass spectrometers.
I. INTRODUCTION
A DDITIVE manufacturing (AM) is a relatively new set of bottom-up fabrication techniques that create objects, layer by layer, following a computer-aided design (CAD) digital model [1] - [3] . AM has unique advantages over traditional manufacturing including fast design iteration, compatibility with freeform geometries, print-to-print design customization, waste reduction, and cost reduction when producing low-volume batches, when making highly complex parts that require significant machining or expensive custom tooling, or when producing objects with hierarchical structure [4] . For microsystems, AM benefits include the realization of designs that are difficult, impractical, or unfeasible to make with standard microfabrication methods, e.g., monolithic multi-level microfluidics [5] - [7] .
The research on metal AM for microsystems has focused on electrical interconnects; explored approaches include nanoparticle ink coating [8] , laser-assisted electrophoretic deposition [9] , meniscus-confined electroplating [10] , electrohydrodynamic printing [11] , focused electron/ion beaminduced deposition [12] , and microplasma sputtering [13] . Although some of these methods can print layers with electrical conductivity within an order of magnitude of bulk values [14] , they have not been shown to reproduce freeform three-dimensional objects with high fidelity, or be practical for implementing mesoscaled [15] components of interest to microsystems, e.g., structures of arbitrary shape with submillimeter characteristic dimensions and total dimensions between hundreds of microns to centimeters. Examples of these structures include packages [16] , mm-wave vacuum amplifiers and THz wave generators [17] , [18] , electrodes for mass filters [19] , high-temperature microfluidics [20] , needles for tissue interaction [21] , [22] , ionic wind pumps [23] , and low-frequency vibration energy harvesters [24] . These metal structures are typically microfabricated via LIGA [25] (a lowthroughput micromolding technique based on electroplating molds patterned with X-ray lithography), electrical discharge machining -EDM (a low-throughput, power-intensive etch process based on microdischarges), embossing [26] , or are not microfabricated (e.g., dowel pins have been used as electrodes in MEMS quadrupole mass filters [19] , [27] ). Precision subtractive machining technologies such as focused ion beam machining (FIB) [28] , micro-milling, microlathing, micro-turning [29] , laser machining, micro electrodischarge machining (micro-EDM) [30] , and electrochemical 1057-7157 © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
micro-machining (ECM) [31] are not ideal to produce finelyfeatured, mesoscaled structures because they experience issues such as slow removal rate, difficulty to control associated steps in the process (e.g., debris removal [32] ), fast tool wear [33] , and creation of heat-affected/stressed regions in the part. In addition, AM excels in fabricating hierarchical multi-scale structures, while the aforementioned traditional subtracting manufacturing techniques target the creation of objects in a narrow dimensional range [4] .
The AM processes capable of creating freeform, mesoscaled metal components can be classified into powder bed fusion (PBF) [34] , [35] , direct energy deposition (DED) [36] , binder jetting [37] , and sheet lamination [38] ; of these methods, PBF and DED are the most widely used [39] . However, PBF, DED, and sheet lamination are not ideal for the manufacture of detail-rich mesoscaled components:
-In PBF printing, metal powders are fused together with a laser beam (i.e., direct metal laser sintering, or DMLS) or an electron beam (i.e., electron beam melting, or EBM) as localized heat source [40] . The remelting of previously deposited layers during the creation of a layer is essential to create a solid part; however, because the consolidation of each layer takes place sequentially in small segments (beam rastering), each segment undergoes a complex thermal cycle, leading to accumulated residual stresses that affect the geometrical precision and mechanical strength. In addition, the microporosity and rough surface finish of PBF-printed parts limit their dimensional precision and mechanical performance. Moreover, when printing overhang surfaces, the melting pool is created on consolidated powder instead of on the melted material; the differences of the thermal properties between the two phases influence the melting pool size and temperature, resulting in curled overhangs after cooling [41] . Reported minimum feature size of positive features in standard DMLS is about 380 μm [42] , [43] , while for high resolution DMLS is about 153 μm [44] ; however, 300 μm features or smaller typically print with a distorted cross-section [45] . A report by the US National Institute of Standards and Technology [46] shows that the minimum feature size that can be reliably built in SS via DMLS using recommended vendor's settings can be as large as 500 μm; the study also failed to satisfactorily build features as small as 250 μm -geometry and part size impact the ability of DMLS to meet the general specifications, which are typically determined on a case-by-case basis. Commercial EBM systems (which use an electron beam heat source instead of a laser) have inferior accuracy compared to DMLS, in part due to the coarser powder feedstock, larger layer thickness, and larger beam spot size they employ [35] . For metal DMLS, shrinkage in the in-plane directions is significantly smaller than in the out-of-plane direction [47] , which typically falls between 2.4% and 3.2% without CAD compensation and can be reduced to < 1% with CAD compensation [48] . -The DED printing method creates solid objects in 40 μm to 1 mm thick layers by depositing feedstock (powder or wire) into a melt pool generated via energy focusing [36] , [49] , resulting in coarse mesoscaled objects. Electron beam, wire-fed DED systems are specialized at building large (meters in size) metal parts [50] . The most studied DED system is powder-fed and uses a laser heat source to melt a stream of feedstock; reported minimum feature sizes between 500 μm and 3 mm [51] , with a deposition width between 800 μm and 1.2 mm with ±0.1 mm accuracy [52] . -Building three-dimensional components via sheet lamination [53] involves precise stacking and bonding of machined metal sheets or foils with thickness in the 50 μm to 380 μm range [54] . The required alignment of mesoscaled sheets, as well as the anisotropic properties of final parts are inherent limiting factors (e.g., complex overhangs cannot be manufactured [2] ). Lamination has been used with CNC milling to define fine features, in combination with a laser machining head to create mesoscale features [55] ; the achievable inplane accuracy of the hybrid system is mostly defined by the machining accuracy, while accuracy in the outof-plane direction is difficult to control due to swelling effects [56] . In this study, we investigate a mainstream metal printing technique (i.e., DMLS of stainless steel {SS} 316L) and two relatively new metal AM methods (i.e., lost-wax casting of sterling silver using digital light projection/stereolithography {DLP/SLA}-printed masters [57] , and binder inkjet printing of SS 316L [37] ) for the fabrication, using tens-ofmicrons-sized voxels, of freeform, finely featured, mesoscaled metal structures. On the one hand, SS 316L was chosen as DMLS and binder inkjet printing feedstock because it has excellent chemical resistance, high electrical conductivity, and low vacuum outgassing -properties relevant to many of the metallic mesoscaled components used in microsystems [16] - [24] . On the other hand, literature search at the beginning of the study concluded that lost-wax casting of SS 316L would not yield small enough features [58] ; instead, sterling silver was chosen as metal feedstock for lost-wax casting, which is also a material with low chemical activity, high electrical conductivity, and low outgassing. Section II describes the sample fabrication. Section III reports the characterization of the resolution, repeatability, and minimum feature size of the printing technologies, while Section IV describes the measurement of the thermal conductivity, electrical resistance, and porosity of the printed samples, and Section V reports the vacuum outgassing of the printed samples; the data reported in these Sections demonstrate that binder inkjet printing of SS 316L outperforms the other two printing technologies in most of the metrics analyzed, generating printed material with intrinsic physical properties close to those of the bulk metal. Section VI reports the fabrication and characterization of selected examples of binder inkjet-printed SS 316L mesoscaled structures: MEMS cantilevers, MEMS corona ionizer arrays, and electrodes part of a novel, compact, multielectrode harmonized Kingdon ion trap for high-resolution mass spectrometry. Finally, Section VII summarizes the work. 
II. SPECIMEN FABRICATION
In this study, three metal AM methods were investigated: DMLS of SS 316L, lost-wax casting of sterling silver using DLP/SLA-printed wax masters, and binder inkjet printing of SS 316L. The DMLS SS 316L samples were made with a Farsoon FS121M printer (Farsoon Technologies, Hunan, China), using powders with ∼35 μm average diameter as printable feedstock. The powder melting and fusion was performed under nitrogen gas by a 200W, 1060 nm Yb-fiber laser featuring a 100 μm focus diameter, traveling at 700 mm/s with hatch spacing equal to 80 μm. The distance of two successive melting points along a scan line is set at 120 μm ± 5 μm (i.e., the pixels measured approximately 120 μm × 80 μm). Specimens were built with ∼35 μm-thick layers; support structures were included to assist the detachment of the part. After furnace cooling down to room temperature, the parts were removed from the build plate via EDM wire cutting. The support structures were carefully removed by hand, and the parts were carefully polished.
The wax masters of the sterling silver micromolded samples used in this study were printed in B9 Creator Emerald resin (B9Creations, LLC, Rapid City SD, USA) using CAD files in STL format and a Solus DLP/SLA printer (Junction 3D, Santa Clarita CA, USA) with 25 μm×25 μm pixels; the layer thickness was set at 30 μm. In some cases, support structures were included to assist the creation of the parts. After printing, the parts were sequentially dipped in a 90% isopropyl alcohol ultrasonic rinse for 30 s to remove uncured resin, followed by immersion in water with detergent, and finally rinsed in clean water for about 30 s. After the prints were dried with an air gun, post curing was performed at 45°C for at least 120 minutes using a 405 nm light source. The supports were then carefully clipped off by hand. The resulting master was invested with the product Plasticast ® BANDUST ™ (Ransom & Randolph, Maumee OH, USA); after that, the resin was burned out with the schedule recommended by the vendor. A centrifugal casting machine was used to fill-in the cavities left by the burning out of the wax master with sterling silver. Finally, the resulting metal parts were washed in an acid bath to remove residual oxides, and carefully polished.
The binder inkjet-printed SS 316L samples used in this study were made with a DM P2500 printer (Digital Metal, Hollsopple PA, USA) at room temperature using as feedstock powder optimized to attain a high density in the printed material at the green state (i.e., not annealed) [59] . The tool has ∼30 μm× ∼ 30 μm in-plane pixels and prints in ∼30 μm-thick layers. The binder is a glue that is digitally applied to agglomerate the powder with sufficient strength in specific locations of each layer. There is no need for building support structures because the printed components are adequately held by the powder bed. The printing process is performed without protective gas because there is no heat involved during printing. The green components can be produced with a high level of detail and tolerance because no melting takes place during building of the object. After carefully removing the loose powder, the parts are annealed at ∼1,360°C in vacuum with a partial pressure of nitrogen to eliminate trapped air, obtain a final high density, and maintain good dimensional stability. Among the metals that compose the SS 316L alloy, chromium has significantly high vapor pressure at the annealing temperature and tends to vaporize [60] ; however, conducting the annealing at nitrogen or argon partial pressure reduces the surface chromium evaporation, which is crucial to maintain the high corrosion resistance of austenitic Cr-Nisteel [61] . The printed part shrinks during annealing due to the high porosity of the green component (it is built from non-compacted powder). However, the amount of shrinkage is repeatable; therefore, the CAD files were compensated accordingly at the design stage. Finally, the parts are carefully polished.
III. FEATURE RESOLUTION CHARACTERIZATION
The minimum feature size (MFS), repeatability, and fidelity to the CAD model of each metal AM method with associated feedstock were investigated using resolution matrices, i.e., flat plates with arrays of straight circular pillars that systematically cover a range of diameters and heights. For the DMLS SS 316L resolution matrices, the pillar diameter was varied between 300 μm and 1,600 μm in steps of 100 μm, while the pillar height was varied between 300 μm and 2,200 μm in steps of 100 μm. Similarly, for the binder inkjet-printed SS 316L resolution matrices, the pillar diameter was varied between 270 μm and 1,530 μm in steps of 90 μm, while the pillar height was varied between 360 μm and 2,070 μm in steps of 90 μm. Likewise, for the lost-wax casted sterling silver resolution matrices, the pillar diameter was varied between 350 μm and 1,550 μm in steps of 75 μm, while the pillar height was varied between 350 μm and 2,700 μm in steps of 90 μm. The resolution matrices were measured using a Mitutoyo Quick Vision ACTIVE 202 (Mitutoyo America Corporation, Marlborough MA, USA) with a 1.5X objective lens and 0.1 μm resolution. Metrology of the B9 Creator Emerald wax masters is included in the characterization to decouple the resolution issues due to the printing of the wax masters from those due to the lost-wax casting. The in-plane dimensions were measured in two orthogonal directions corresponding to the maximum and minimum diameters, respectively, to assess the eccentricity of the nominally circular pillars. For each data point, 12 nominally identical features were averaged.
The results of the metrology on the resolution matrices are shown in Fig. 1 , and a summary of key findings is provided in Table I . For all printing methods characterized, the coefficients of determination of the least-squares fittings suggest linearity between the printed dimensions and the corresponding CAD dimensions; also, the printed in-plane dimensions are closer to the corresponding dimensions of the CAD files than the out-of-plane dimensions. The metrology of each pillar cross-section yielded a minimum diameter d m and a maximum diameter d M ; with these values, the eccentricity e
was estimated for each cross-section to benchmark how much a nominally circular shape deviates from being circular. The average eccentricity across all samples is ∼0.29, i.e., the crosssection of the pillars is very close to the ideal circular shape (in an ellipse with an eccentricity of 0.29, the mayor axis is ∼2% longer and the minor axis is ∼2% shorter than the radius of a circle with the same center). The data also show that binder inkjet printing of SS 316L has associated the smallest in-plane offset, out-of-plane offset, and eccentricity (variation considered) of nominally symmetric features; in addition, the cylinders made with this technique had straight sidewalls and fairly flat top surfaces. Although the DMLS technique produced smaller features due to the significantly larger offset, the edges of the printed parts were less sharply defined compared to the samples made with binder inkjet printing (the surface of the DMLS printed resolution matrices features a coarse texture with many pores linked together forming micro-cracks). The values in Table I for the lostwax micromolded parts and the DLP/SLA wax masters are about the same, suggesting that the lost-wax process minimally distorts the CAD geometries after the changes caused by the wax masters; however, unlike the wax samples, the edge of the lost-wax micromolded pillars was severely rounded off (due to surface tension, the solidifying metal is not fully conformed to the sharp corners defined in the mold by the wax master; in addition, heat concentrates at the small volume of molten material located in the corners, limiting the heat transfer from the melted metal to the mold, creating localized areas with low solidification rate).
IV. ELECTRICAL RESISTIVITY, THERMAL CONDUCTIVITY, AND POROSITY CHARACTERIZATION In metals, the thermal and electrical conductivities are heavily influenced by porosity and cracks. Therefore, characterizing these physical properties on the printed samples could provide insights into the internal structure of the printed materials. Also, in many cases, the applications that can be satisfied with a given AM method strongly depend on how close the intrinsic values of the printed material are to those of the bulk material.
A. Electrical Resistivity Characterization
The electrical resistivity ρ of the printed materials was estimated by collecting current-voltage data from long and slender rods and using the equation
where A, l, and R are the cross-sectional area, length, and electrical resistance of the rod, respectively, and R o is the contact resistance. The printed rods had 1 mm diameter and were 45, 65, and 60 mm long for binder inkjet-printed, DMLS, and lostwax casted samples, respectively; the electrical resistivity of the bulk materials was measured for comparison using 1 mm diameter and 65 mm long rod samples (ESPI metals, Ashland OR, USA). The electrical resistance of the rods was measured via 4-wire Kelvin testing using a Hewlett Packard 34420A nV-μ meter (Hewlett-Packard, Palo Alto CA, USA) with a resistance sensitivity of 100 n and a dc voltage sensitivity of 100 pV; the experimental results are summarized in Table II . The electrical resistivity of a sintered powder compact can be expressed as a function of its porosity φ, the fully dense material resistivity ρ o , and the powders' tap porosity φ o , i.e.,
where
5 and φ o = 1 − ρ t ρ mo , with ρ t the tap mass density of the powder bed and ρ mo the mass density of the bulk (no pores) material [62] . Considering the vibration generated by the layer spreader, the effective tap density ρ t,e f f (which falls between the apparent density and the tap density) is used instead to calculate φ o [59] ; for SS 316L ρ t,ef f = 4.38 g/cm 3 , and ρ mo = 8.01 g/cm 3 . Based on Eq. (3), the porosity of the binder inkjet-printed SS 316L sample estimated from the electrical characterization data is equal to 2.09% ± 0.49%, which is close to the porosity estimate from mass density measurements (2.46% ± 0.56%). The electrical resistivity of the DMLS and bulk samples are very close, suggesting that the printed sample is essentially free of porosity and cracks (the porosity estimate from mass density measurements is equal to 1.75% ± 0.14%). In contrast, the electrical resistivity of the lost-wax sterling silver samples is twice that of the bulk metal -even though a porosity equal to 1.75% ± 0.12% was estimated from mass density measurements. The reason for the large discrepancy needs to be further studied.
B. Thermal Conductivity Characterization
The thermal conductivity λ as a function of the thermal diffusivity α is given by
where c ρ is the specific heat and ρ m is the mass density.
The thermal conductivity at room temperature of samples of printed material was estimated by measuring α via the laser flash technique with a Netzsch LFA 457 MicroFlash (Netzsch Instruments North America, LLC, Burlington MA, USA); the instrument can measure α between 0.01 mm 2 /s and 1,000 mm 2 /s with ±3% accuracy. The 2 mm-thick and 12.4 mm diameter samples were pre-coated with graphite to increase heat absorption; for comparison, α of the bulk materials was also characterized using similarly shaped samples (ESPI metals, Ashland OR, USA). The experimental estimates of the thermal conductivity of the samples are summarized in Table II ; in these estimates, c ρ was assumed equal to published values, and ρ m was estimated by measuring the weight and volume of each sample with a precision balance and a micrometer, respectively. The thermal conductivity of lost-wax casted sterling silver is 5.5% smaller to that of the bulk material and features a porosity of 1.68% ± 0.26% based on mass density measurements. The thermal conductivity of DMLS SS 316L and binder inkjet-printed SS 316L are fairly similar (within 4% of the average of the two), but ∼20% smaller and ∼13% smaller than the thermal conductivity of bulk SS 316L, respectively; the difference between the thermal conductivity of the bulk SS 316L and printed SS 316L might be related to the pore and microcracks distribution of the samples. The thermal conductivity of a sintered powder compact is given by
where λ o is the bulk value [62] . Based on Eq. (5) and the thermal conductivity data, the porosity of the DMLS SS 316L and binder inkjet-printed SS 316L samples are estimated as 5.77%±1.17% and 3.78%±1.15%, respectively; these results are close to the porosity values calculated from mass density measurements, i.e., 5.04% ± 1.34%% for DMLS SS 316L and 2.00% ± 0.55% for binder inkjet-printed specimens.
V. VACUUM OUTGASSING CHARACTERIZATION
The vacuum outgassing of samples made with the three studied AM methods was characterized to assess the suitability of these manufacturing technologies for vacuum applications. Several of the MEMS applications satisfied by mesoscaled metal structures require vacuum to operate, e.g., mm-wave vacuum amplifiers, THz wave generators, and mass filters [17] - [19] . Porosity is a common concern in metal AM [39] ; it is possible that small voids within the printed part could trap gases, which later, gradually, vent into vacuum, increasing the background pressure.
The vacuum outgassing of DMLS-printed SS 316L, binder inkjet-printed SS 316L, and lost-wax casted sterling silver samples was measured using a custom testing rig featuring a 200 mm-wide, ultra-high vacuum (UHV)-compatible stainless steel cube chamber fitted with a 200 amu reduced gas analyzer (Hiden Analytical, Peterborough NH, USA) that is capable of measuring partial pressures as small as 1 × 10 −14 mbar; the system is pumped by a 68 l/s dry rough pump/turbo combo capable of reaching 10 −10 mbar ultimate pressure (if baked). The samples tested are printed flat plates with nominal surface area equal to 96 cm 2 for SS 316L and 80 cm 2 for sterling silver; for comparison, the vacuum outgassing of bulk SS 316L and sterling silver flat plates with 110 cm 2 and 131.2 cm 2 nominal area, respectively, was also characterized. Measurement of the outgassing rates was conducted every ten minutes for over 10 hours; a summary of the experimental results at 1 hr and 10 hr are provided in Table III . As expected, the majority of the outgassing is water (the samples were not baked in vacuum). The 10-hour outgassing rate of DMLS SS 316L (1 ×10 −10 mbar.l/(s.cm 2 )) is a fivefold lower than that of bulk SS 316L (4.9 × 10 −10 mbar.l/(s.cm 2 )), which is an order of magnitude smaller than that of binder inkjet-printed SS 316L (3.7 × 10 −9 mbar.l/(s.cm 2 )) -after subtracting the contribution of water vapor in the outgassing; nonetheless, the water-free outgassing rate of binder inkjet-printed SS 316L is adequate for UHV applications [63] . The lower outgassing rate of the DMLS SS 316L sample might be due to passivation of its surface caused by the printing process. The 10-hour outgassing rate of the lost-wax sterling silver sample is comparable to that of the bulk metal after subtracting the contribution of water vapor in the outgassing (4 × 10 −10 mbar.l/(s.cm 2 ) and 3 × 10 −10 mbar.l/(s.cm 2 ), respectively) and also adequate for UHV applications.
VI. EXAMPLES
The results of the experimental characterization demonstrate that binder inkjet printing of SS 316L outperforms DMLS printing of SS 316L and lost-wax micromolding of sterling silver in terms of resolution and fidelity to the CAD file; in addition, binder inkjet-printed SS 316L is UHV compatible, has low porosity, and exhibits thermal and electrical conductivities close to bulk values. In this section, three examples of 3-D-printed, freeform, fine-featured metal structures part of compact systems are presented, i.e., MEMS cantilevers, MEMS corona ionizer arrays, and a compact multi-electrode harmonized Kingdon ion trap.
A. MEMS Cantilevers
Cantilevers are fundamental transducers commonly used in miniaturized systems for sensing [64] , switching [65] , vibration energy harvesting [66] , and other applications. There are reports of 3-D-printed metal MEMS cantilevers in the literature. For example, Lam and Schmidt reported 50 μm to 100 μm wide, 2.8 μm tall, and 500 μm long cantilevers made by inkjet printing of silver nanoparticles, followed by laser trimming [67] . Also, Park et al. demonstrated MEMS mechanical switches based on 100 μm wide, 1.6 μm tall, and 500 μm long inkjet-printed silver nanoparticle cantilevers [68] . Here, inkjet binder-printed SS 316L MEMS cantilevers are fabricated and characterized to evaluate the influence of printing orientation on the elastic properties of the material (layerby-layer fabricated objects often show anisotropic mechanical properties [69] , [70] ).
Cantilevers with length equal to 5 mm, height between 450 μm and 675 μm, and width between 300 μm and 630 μm were fabricated in SS 316L via binder inkjet printing. The specimens were printed in two directions, that is, the neutral axis of the cantilever was either parallel (i.e., horizontally printed -HP) or perpendicular (i.e., vertically printed -VP) to the printed layers. The cantilevers were printed monolithically attached to a rigid frame. The horizontally printed cantilevers were printed upside down to eliminate the need for support structures (in other words, the tops of the horizontally printed cantilevers directly touched the build plate). After printing, the specimens were gently sandblasted to achieve a relatively smooth surface (the arithmetic average surface roughness, S a , was equal to 2.30 μm for HP cantilevers and 2.58 μm for VP cantilevers). In comparison, surface roughness of as-printed DMLS SS 316L samples are reported covering roughness in the 5 μm to 15 μm range [39] , [71] , [72] (surface roughness of DMLS is affected by various parameters such as powder size, powder flow, layer thickness, and heat source power; blasting can effectively reduce surface roughness [73] ). Moreover, powder-fed DED typically generates larger surface roughness, partially due to the higher laser power involved, which increases the size of interconnected pores, which in turn increases the surface roughness [74] ; wire-fed DED features similar process conditions related to surface roughness compared to powder-fed DED, but at a much larger scale due to the larger size of the molten pool and the common occurrence of large bead widths and layer height, resulting in even rougher surface. Fig. 2 shows an optical picture of a horizontally printed cantilever and SEM close-ups of the tips of horizontally printed and vertically printed cantilevers; the optical pictures were captured with a Mighty Scope ® digital microscope (Aven, Ann Arbor MI, USA) with a 5-megapixel CMOS camera, while ± 28.74 μm) . The size and number of defects in a vertically printed cantilever are greater than those in a horizontally printed cantilever; however, the edges and corners of the vertically printed cantilevers are sharper. It would be challenging to fabricate these structures via contact subtractive manufacturing because the tool applies bending forces to a high-aspect-ratio structure that becomes more flexible as the machining progresses, which could cause permanent deformation to the part and/or create features with unintended dimensions. High-power CO 2 and fiber lasers can create drossfree edges in SS without deburring, but slow removal rate, thermal effects, and machining of a hierarchical multi-scale structure (frame plus cantilevers), moreover for non-planar designs (vertical cantilevers), would be of concern [75] .
Characterization of the porosity of the printed material that makes up the cantilevers and frames was conducted on polished longitudinal surfaces (i.e., sectioned along the axis of a cantilever) using a Tabletop Microscope TM3030 (Hitachi Hi-Tech, Tokyo, Japan). Given that the cantilevers are too thin to remain in their original shape after cutting, the section was done on a bulk area parallel to the axis of the beam, and the longitudinal surface was revealed by subsequent grinding of the mounted sample. Polishing was done following the procedures of SEM sample preparation [76] , [77] ; great care was paid during the preparation of the samples because the pores can easily carry abrasives and be smeared [78] . A micrograph with typical defects in the cantilever material is shown in Fig. 3 (a) , the pore size distribution of the cantilever material is shown in Fig. 3 (b) , and a summary of the results of the porosity and pore size measurements are compiled in Table IV , which were calculated using the city-block distance function and the watershed segmentation algorithm [79] . Unmelted particles and micro-cracks are not formed in the examined specimens; the most prominent defects are porosity and unfilled voids (included in the porosity calculation). Most of the pores are spheroid in shape and are unevenly distributed on the polished section (e.g., there are areas free of any visible defects). The average surface porosity of HP and VP cantilevers are 0.217% and 0.236%, respectively, and bulk areas (the material that makes up the frame that supports the cantilevers) are 0.654% and 0.745%, respectively. In comparison, the smallest reported porosity values from DMLS of SS 316L are in the 0.37% to 1.39% range [80] - [82] . The pore size of the binder inkjet-printed SS 316L samples is slightly smaller than reported values from DMLS counterparts, and covers a narrower range as pores in DMLS can be as large as 45 μm (0.82% ± 0.36% average porosity) [81] ; SS 316L DED parts generally also have a higher porosity (93.33% -98.82% density of bulk material [83] - [85] , pore size with single-layer deposition on the order of 5 μm to 15 μm [86] and multi-layer prints with pores as large as 100 μm [87] ). The porosity estimates from the SEMs are significantly smaller than those from mass density measurements or thermal/electrical properties (see Sections IV.A and IV.B). Characterization of the mechanical performance of the binder inkjet-printed SS 316L MEMS cantilevers was conducted using a Hysitron Triboindenter TI 950 (Hysitron, Eden Prairie MN, USA) with a 10 μm radius cono-spherical diamond tip. The instrument is capable of applying a force as large as 10 mN with 1 nN resolution, and of measuring a vertical displacement as large as 5 μm with 0.02 nm resolution. The bending spring constant k of a cantilever with constant cross-section and associated area moment of inertia I , made of an elastic and isotropic material with Young's modulus E, is given by [88] 
where L is the distance between the root of the cantilever and the point of application of the load F, and w is the displacement perpendicular to the neutral axis of the beam at the point of application of the load. Eq. (6) predicts a linear relationship between the inverse of the cubic root of the spring constant and L; consequently, if the relative separation between the points of application of the load is well known, the estimate of the Young's modulus does not require to know exactly the length of the cantilever [89] .
Three specimens of each kind (i.e., horizontally printed cantilevers and vertically printed cantilevers) were tested while applying forces at well-known relative positions along the axis of the beam. SEM images were used to estimate the actual moment of inertia of the cross-sections. The scale of the roughness is very small compared to the dimensions of the beam; therefore, the effects of the roughness on the extraction of Young's modulus due to the deviation of the moment of inertia of the cross-section should be negligible.
A typical force vs. displacement characteristic is shown in Fig. 4 ; the tests were conducted in the elastic region because the induced deflection was fully recovered after unloading. The data show repeatable micron-level actuation, and the least-squares fitting evidences a linear relationship between applied force and vertical deflection as predicted by Eq. (6). The inverse of the cubic root of the spring constant versus distance of application of the load for a binder inkjet-printed SS 316L cantilever is shown in Fig. 5 ; the coefficient of determination of the least-squares fitting evidences a linear relationship between the inverse of the cubic root of the spring constant and the separation between the point of application of the load and the root of the cantilever, as predicted by Eq. (6) . E can be obtained from the slope β of the linear fitting in Fig. 5 as 1/(3Iβ  3 ) ; we estimate at 176.8 GPa ± 22.3 GPa and 186.1 GPa ± 20.9 GPa the Young's modulus of vertically printed and horizontally printed cantilevers, respectively. Both values are fairly similar (within 2.5% of their average) and within 10% of the bulk value (193 GPa [90] ). Therefore, binder inkjet-printed SS 316L has elastic properties close to those of bulk material, with near-isotropic response. Assuming that the porosity is small and the pores are not interacting with each other, the porosity of the samples can be estimated using Krivoglaz & Cherevko's formula [91] 
where E o and ν o are the Young's modulus and Poisson ratio of bulk SS 316L (193GPa and 0.265, respectively [90] ). Using Eq. (7), the porosity for vertically and horizontally printed cantilevers is estimated at 4.18%±1.11% and 1.79%±0.31%, respectively; these values are of the same order of the porosity estimates from thermal properties, electrical properties, and mass density (see Section IV.A and IV.B). In comparison, from uniaxial tests, reported Young's modulus of DMLS SS 316L varies between 139 GPa ± 47 GPa and 194 GPa ± 14.5 GPa [82] , [92] , [93] , and a Young's modulus of 193.47 GPa ± 4.48 GPa was reported for DED SS 316L (estimated 5.1% ± 2.2% porosity) [84] .
B. MEMS Corona Ionizer Arrays
Ionic wind, also known as coronal wind, is an electrohydrodynamic phenomenon where flow is produced due to electrostatic forces generated by a corona discharge, which is caused by a sharp tip biased at a high enough voltage with respect to a counter-electrode with an aperture [23] . Corona ionizers have received interest as fast-response, noiseless pumps without moving parts that can transport liquid [94] or gaseous media for applications such as air propulsion [95] and electronics cooling [96] . Given that electrical field enhancement is increased by scaling down the tip diameter and increasing its aspect-ratio, and that throughput is increased by parallel operation of the tips, i.e., multiplexing, researchers have looked into developing MEMS corona ionizer arrays [97] , [98] ; reported devices have start-up voltages as small as 1.25 kV and tip currents as high as 16 μA. However, the reported devices are unideal because the metallization is only ∼20 μm thick and made of electroplated metals that are soft, not sputtering resistant, e.g., Cu, which could lead to reliability problems; also, the devices need to be assembled in a pick-and-place fashion to create from planar microfabricated components the three-dimensional structures needed for fluid pumping. Here, we report monolithic binder inkjet-printed SS 316L planar arrays of high-aspect-ratio conical tips and characterize them as corona ionizer arrays. To the best of our knowledge, these are the first metal AM corona ionizer arrays reported in the literature (there are reports of corona ionizers with 3-D-printed polymer fixtures that integrate a few (3) needles with a mesh, both of which are manufactured with standard methods [99] ).
The devices (Fig. 6 ) have 32 tips (25 tips/cm 2 ) that are 5 mm tall, with 141.7 μm ± 3.2 μm tip radii at the top; the tips of the device have a 1.7-mm diameter at the base, but we found that tips with a diameter at the base as small as 900 μm would consistently print well. Metrology of the monolithic devices using a Mitutoyo Quick Vision ACTIVE 202 (Mitutoyo America Corporation, Marlborough MA, USA) show that the tips have constant taper (Fig. 6 (d) ). The same difficulties described for making cantilevers via subtractive manufacturing apply to machining the high-aspect ratio needles that compose the corona ionizer array (see Section VI.A). In addition, the multiplexed device is monolithic, with 2-mm needle separation and gaps between adjacent needles at the base as narrow as 300 μm, which would difficult the line of sight of the tool in many cases. Non-microfabricated multineedle corona discharge ionizers are typically assembled out of individually needles that are mechanically drawn [100] .
A 32-tip array was tested in air at atmospheric pressure and room temperature using a counter-electrode separated 7.9 mm (a perforated metal grid 100 μm-thick with 1.5 mm diameter apertures and 2 mm aperture pitch). The counter-electrode was grounded, and the tip array was biased at a negative voltage supplied by a 20 W, 1 mA high-voltage power supply (Gamma, Ormond Beach FL, USA); the current was measured via the RS232C interface of the power supply and with a Keithley 485 picoammeter (Keithley Instruments, Cleveland OH, USA) through a high-voltage 5 M resistor. Biasing the voltage without the tip array across the stand-offs resulted in nA-level current; the start-up voltage of the corona discharge diode is 8.7 kV (Fig. 7) . As expected in corona devices, the data follow the Townsend current-voltage approximation [101] 
where B is a constant, V C is the bias voltage across the diode, I C is the corona current, and V o is the start-up voltage.
The maximum measured total currents is 422 μA (13.2 μA average per-tip current, i.e., a three-fold larger than reported MEMS devices with similar number of tips [102] ). The design presented in this study is an unoptimized, proof-of-concept demonstration; we speculate that electrochemical polishing of the conical tips could result in significantly lower startup voltage, and optimization of the tip geometry could yield significantly denser tip arrays. A 12-hour continuous test was conducted on a 32-tip corona ionizer array (300 μA, 13.5kV) to assess device degradation during operation. The tips were inspected before and after the test with a confocal microscope (Mitutoyo Quick Vision ACTIVE 202, Mitutoyo America Corporation, Marlborough MA, USA), yielding no evidence of tip degradation. Moreover, no difference in the weight of the sample before and after the test was detected using a precision balance Accuris Instruments Model W3200-500 with 1 mg resolution (Accuris Instruments, Edison NJ, USA). In addition, during the experiments conducted to collect the I-V characteristics no evidence of tip degradation was obtained either (arc generation was avoided, which would have likely damaged the tips).
C. Compact Multi-Electrode Harmonized Kingdon Ion Trap
Mass spectrometers (MS) quantitatively determine the chemical composition of a sample via ionization and sorting of the ions based on their mass-to-charge ratio [103] . For over three decades, researchers have pursued the development of compact MS systems to be able to do, anywhere insitu, the chemical analysis currently only feasible in brickand-mortar labs [104] , [105] . A significant portion of this effort has focused in developing miniaturized mass filters that use electric fields for ion sorting, e.g., quadrupoles [19] , ion traps [106] , and time-of-flight filters [107] . The fabrication of these compact mass filters is inherently difficult because of the absolute tolerances required to achieve satisfactory performance (e.g., mass resolution, i.e., peak mass-to-peak width ratio) [108] .
Besides precise electrode alignment, high-fidelity fabrication is essential to implement electrodes with shapes that can generate, with great accuracy, the electric fields needed for efficient species sorting. For example, the ideal quadrupole mass filter has hyperbolic rods; however, due to fabrication complexity, the majority of miniaturized (and nonminiaturized) quadrupoles have circular rods, which introduces higher-order fields, resulting in distortion of the peak shape, peak broadening (loss of resolution), and mass shifts [109] . Moreover, quadrupole electrode geometries compatible with standard batch microfabrication, i.e., square rods [110] , greatly degrade the peak shape, further reducing the performance of the filter. Consequently, a typical non-miniaturized quadrupole has a maximum mass resolution of thousands, while a typical MEMS quadrupole has a maximum mass resolution at least an order of magnitude smaller.
AM has recently been explored as a means to reach better performance in miniaturized mass filters by fabricating with high fidelity the correct electrode shapes for efficient species sorting; reported work includes linear ion traps [111] , [112] and quadrupoles [113] . However, these devices are made in polymer and coated with a thin layer of metal, which creates problems such as outgassing (polymer mass filters cannot be hard baked), mechanical deflection, and lifetime; in addition, RF mass filters (e.g., quadrupoles) could have issues with skin depth and heating of the metal layer by the driving signals.
The development of a miniaturized MS with greatly improved resolution would decisively help mass spectrometry become deployable and ubiquitous. Harmonized Kingdon traps [114] are electrostatic mass filters based on a harmonic axial field that are capable of very high mass resolution (1,000,000:1) [115] . The Orbitrap is a commercial one-internal-electrode Kingdon trap featuring an outer barrellike electrode with maximum radius equal to 10 cm and an internal spindle-like electrode with maximum radius equal to 5 cm [116] . The Orbitrap is fabricated with stringently refined, computer-controlled, precision subtractive manufacturing techniques as it requires micron-level machining precision and assembly to attain high resolution [117] . However, the Orbitrap cannot capture the ions created inside it; therefore, it can only be used in conjunction with another trap (e.g., C-trap in [116] ) or a pulsed ion source. The use of an additional radio frequency trap with a complex system of deflectors to inject the ions to the Orbitrap, as well as the use of a highvoltage pulsed power supply, significantly increase the energy consumption of the device, and also greatly complicates its implementation as a portable instrument.
Using modeling and simulations, we recently proposed a novel multi-electrode harmonized Kingdon trap [118] that has low sensitivity to distortions in geometry and/or misalignment of the electrodes (<∼20 μm [119] ); such trap is an excellent candidate for AM because the shapes of the electrodes are intricate, smoothly varying, and finely detailed, and the required fabrication tolerance lines up well with the findings of Section III. The surfaces of the outer and internal electrodes are designed to follow an equipotential surface expressed as a combination of a quadrupole and a logarithmic potential, which is beneficial for ion injection at stable voltages [120] . A thorough explanation of the design is beyond the scope of this study. Here, we report the fabrication of the first-generation traps (Fig. 8) , manufactured in SS 316L via binder inkjet printing, and characterize the fidelity of the printed parts to the CAD models (the manufacture of the electrodes implied an iterative process where parts are printed, measured, scaled, and printed again to achieve <1% difference between intended dimensions and printed dimensions in key features, e.g., the relative separation between the points from which the electrodes are grabbed to be integrated to the rest of the system).
The metrology of the printed parts was conducted with a Keyence VR3200 Wide-Area 3D Measurement System (Keyence Corporation of America, Itasca IL, USA) that can sample down to 10 mm depth without stitching, and has a 0.1 μm resolution. The mapped surface profiles were compared with the CAD design using software provided by the vendor of the tool. As an example, the height deviation of the central electrode is shown in Fig. 9 (a) , with linear scans along the central axes of the arms of the electrode. It should be pointed out that the machine can only reliably measure side walls with less than 65°inclination; this incapability leads to the larger deviation at the edges of the printed part in Fig. 9 (a) and the extremes of the scans in Fig. 9 (b) and (c). However, the majority of the height deviation field falls within 15 μm, consistent with the metrology of the resolution matrices used in this work; the upper bound for the deviation of about 1 slice, consistent with other AM methods [2] . Recent characterization of a trap prototype with binder inkjet-printed SS 316L electrodes yielded a 25,000:1 mass resolution using a Cs ion source [121] , which is two orders of magnitude larger than the best reported resolution from MEMS RF mass filters [19] , [27] , [110] .
VII. CONCLUSION
This report examined three metal additive manufacturing methods with associated feedstock, i.e., low-wax casting of sterling silver using DLP/SLA-printed wax masters, binder inkjet printing of SS 316L, and DMSL printing of SS 316L, for the microfabrication of freeform, finely featured, mesoscaled metal structures. The data show that binder inkjet printing of SS 316L creates printed parts with high fidelity to the CAD file, having associated the smallest in-plane offset, out-of-plane offset, and eccentricity of nominally symmetric features, with minimum feature sizes around 285 μm; in addition, the data show that binder inkjet-printed SS 316L structures are UHV compatible, have low porosity, and exhibit intrinsic electrical, thermal, and isotropic elastic properties close to those of the bulk metal. Three examples of 3-D-printed, freeform, fine-featured metal mesoscaled structures were presented, i.e., MEMS cantilevers, MEMS corona ionizer arrays, and compact, multi-electrode, harmonized Kingdon ion traps. Therefore, the results of this study suggest that is feasible to implement a wide range of binder inkjetprinted SS 316L devices including high-temperature microfluidics, vacuum devices, mass filters, ionizers, actuators, pumps, and vibration energy harvesters.
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